The effects of SbI 3 , PbCl 2 , and NH 4 Cl addition to perovskite CH 3 NH 3 PbI 3 precursor solutions on photovoltaic properties were investigated. TiO 2 /CH 3 NH 3 Pb(Sb)I 3 (Cl)-based photovoltaic devices were fabricated by a spin-coating technique, and the microstructures of the devices were investigated by X-ray diffraction and scanning electron microscopy. Current density-voltage characteristics and incident photon-to-current conversion efficiencies were improved by a small amount of Sb-and Cl-doping, which resulted in improvement of the efficiencies of the devices. The structure analysis indicated formation of a homogeneous microstructure by NH 4 Cl addition with SbI 3 .
Introduction
Solar cells consisting of a CH 3 NH 3 PbI 3 compound with a perovskite structure have been widely studied recently [1] [2] [3] [4] because of the high photoconversion efficiencies compared with ordinary organic solar cells [5] [6] [7] . Since a conversion efficiency reached 15% [8] , higher efficiencies have been achieved for various device structures and processes [9] [10] [11] [12] , and the photoconversion efficiency increased up to ca. 20% [13] [14] [15] .
The photovoltaic properties of the solar cells strongly depend on the crystal structures and the compositions of the perovskite compounds. Halogen atom doping, such as chlorine (Cl) or bromine (Br), at the iodine (I) sites in the perovskite compounds have been studied [16] [17] [18] [19] . The doped Cl atoms would lengthen the diffusion length of excitons, which would result in the increase in efficiency [7, 20] . In addition, studies on metal atom doping, such as tin (Sn) [21] , antimony (Sb) [22] , germanium (Ge) [23, 24] , thallium (Tl) [24] , or indium (In) [24] at the lead (Pb) sites have been carried out. The wavelength ranges of optical absorption were expanded by the Sn or Tl-doping [21, 24] , and the conversion efficiencies were improved by Sb-doping to the perovskite phase [22] . A detailed search on the metal and halogen doping at the Pb and I sites is interesting for both Pb-free devices and the effects on photovoltaic properties.
The purpose of the present work is to investigate photovoltaic properties and microstructures of photovoltaic devices with perovskite-type CH 3 NH 3 Pb(Sb)I 3 (Cl) compounds, which were prepared by a simple spin-coating technique in air. Sb is a group 15 element, and is expected to work as an electronic donor at the sites of the group 14 element Pb [21] . Cl is also expected to increase the carrier diffusion length in the perovskite phase [7, 20] , and an improvement of the crystallinity and morphology of the perovskite films was expected by adding NH 4 Cl [25, 26] . Effects of SbI 3 , PbI 2 , and NH 4 Cl addition using a mixture solution of perovskite compounds on the photovoltaic properties 
Results and Discussion
The J-V characteristics of the TiO2/CH3NH3Pb(Sb)I3(Cl)/spiro-OMeTAD photovoltaic cells under illumination are shown in Figure 2a , which indicates an effect of Sb and Cl addition to the CH3NH3PbI3. The measured photovoltaic parameters of TiO2/CH3NH3Pb(Sb)I3(Cl) cells are summarized in Table 2 . The CH3NH3PbI3 cell provided a power conversion efficiency (η) of 7.05%, and the averaged efficiency (ηave) of three electrodes on the cells is 6.66%, as listed in Table 2 . A shortcircuit current density (JSC) increased up to 20.9 mA•cm −2 by an addition of SbI3, which would indicate an increase of carrier concentration. The highest efficiency was obtained for a cell added with SbI3 + NH4Cl, which provided an η of 9.71%, a fill factor (FF) of 0.579, a short-circuit current density (JSC) of 19.6 mA cm −2 , and an open-circuit voltage (VOC) of 0.843 V. An increase of photocurrent for the (SbI3 + NH4Cl)-added sample is observed at ~0.2 V in Figure 2a . Since a small amount of carriers might be generated and charged in the TiO2 layer during J-V measurements under light irradiation and current flow, the electrical resistance would be reduced, and the photocurrent would increase. After 28 days, a decrease in the efficiencies of the cells were within 50%, except for the PbCl2 addition, as shown in Figure 2b and Table 2 . Efficiency decay rates are also listed in Table 2 , which indicates the NH4Cl additives would be effective for device stability. Although the JSC values were almost preserved after 28 days, the fill factors decreased. The black color of the perovskite phase became light brown after 28 days, which would indicate the degradation of the crystal structure of the perovskite phase.
IPCE spectra of the CH3NH3Pb(Sb)I3(Cl) cells are shown in Figure 3 . The perovskite CH3NH3Pb(Sb)I3(Cl) shows photoconversion efficiencies between 300 nm and 800 nm, which almost agrees with reported energy gaps of 1.51 eV [34] and 1.61 eV [35] (corresponding to 821nm and 770 nm, respectively) for CH3NH3PbI3. The IPCE was improved in the range of 450-750 nm by adding a small amount of Sb and Cl. In the present work, the energy gaps of the CH3NH3Pb(Sb)I3(Cl) phase were almost constant of 1.55 eV even by the Sb-and Cl-doping, which corresponded well to the constant values of the open-circuit voltages.
XRD patterns of CH3NH3Pb(Sb)I3(Cl) cells on the FTO/TiO2 are shown in Figure 4 . The diffraction peaks can be indexed by a cubic crystal system (Pm3m) for the CH3NH3Pb(Sb)I3(Cl) thin films. Although the deposited films are a single perovskite structure, broader diffraction peaks due to the PbI2 compound appeared in the CH3NH3Pb(Sb)I3(Cl) film, as shown in Figure 4 . The Sb addition suppressed the formation of PbI2 [22] .
The CH3NH3PbI3 crystals have perovskite structures, and both CH3NH3 ions and I ions are disordered, which results in the disordered cubic structure [22] , as shown in Figure 5 . For the as- 
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A SEM image of CH 3 NH 3 Pb(Sb)I 3 (Cl) cell with additives of SbI 3 with PbCl 2 is shown in Figure 8a . The particle sizes are 10-20 µm, which corresponds to those observed in the OM image of Figure 6c . Figure 8b -g are elemental mapping images of Pb M line, Sb L line, I L line, C K line, N K line, and Cl K line, respectively, which indicate the particles observed in Figure 8a correspond to the CH 3 NH 3 PbI 3 phase. The composition ratio of metal elements and C:N were calculated from the EDX spectrum, as listed in Table 3 , which indicates that I might be deficient from the starting composition of CH 3 NH 3 Pb(Sb)I 3 (Cl). In Figure 8e , carbon atoms are also dispersed in the matrix, which is similar to the observed image of Figure 7e . Figure 8a correspond to the CH3NH3PbI3 phase. The composition ratio of metal elements and C:N were calculated from the EDX spectrum, as listed in Table 3 , which indicates that I might be deficient from the starting composition of CH3NH3Pb(Sb)I3(Cl). In Figure 8e , carbon atoms are also dispersed in the matrix, which is similar to the observed image of Figure 7e . Figure 9a is a SEM image of CH3NH3Pb(Sb)I3(Cl) cell with additives of SbI3 with NH4Cl. By adding SbI3 with NH4Cl to the CH3NH3PbI3, the surface morphology was drastically changed, and no special crystal shape is observed, which agrees well with the result of the OM image in Figure 6d . Elemental mapping images of Pb M line, Sb L line, I L line, C K line, N K line, and Cl K line are shown in Figure 9b -g, respectively. The images indicate the perovskite CH3NH3PbI3 phase is dispersed homogeneously on the photovoltaic device. The composition ratio of metal elements and C:N were calculated from the EDX spectrum, as listed in Table 3 , which indicates that no major difference is observed compared with the other devices. This suggests that the homogeneous surface structures would improve the photovoltaic properties, in addition to the doping effect of Sb and Cl at the Pb and I sites, respectively. From the SEM-EDX result, site occupancies of I atom would also be less than 1, which might be due to the partial separation of PbI2 from the CH3NH3PbI3 phase. 4 Cl to the CH 3 NH 3 PbI 3 , the surface morphology was drastically changed, and no special crystal shape is observed, which agrees well with the result of the OM image in Figure 6d . Elemental mapping images of Pb M line, Sb L line, I L line, C K line, N K line, and Cl K line are shown in Figure 9b -g, respectively. The images indicate the perovskite CH 3 NH 3 PbI 3 phase is dispersed homogeneously on the photovoltaic device. The composition ratio of metal elements and C:N were calculated from the EDX spectrum, as listed in Table 3 , which indicates that no major difference is observed compared with the other devices. This suggests that the homogeneous surface structures would improve the photovoltaic properties, in addition to the doping effect of Sb and Cl at the Pb and I sites, respectively. From the SEM-EDX result, site occupancies of I atom would also be less than 1, which might be due to the partial separation of PbI 2 from the CH 3 NH 3 PbI 3 phase. Three assumed mechanisms could be considered for the increase of the photoconversion efficiencies. The first mechanism is as follows: I´ions would be attracted at the I sites by Sb 3+ with more ionic valence compared with that of Pb 2+ , which resulted in the suppression of PbI 2 elimination from CH 3 NH 3 PbI 3 . The suppression of PbI 2 would improve the TiO 2 /CH 3 NH 3 PbI 3 interfacial structure, which also would improve the V OC values. As the amount of the Sb addition increase, the lattice constants would be decreased by an effect of Sb with a smaller ionic size compared with Pb.
The second mechanism is as follows: when a small amount of Cl was doped in the CH 3 NH 3 PbI 3 phase, diffusion length of excitons would be lengthened by the doped Cl atoms [7, 20] , which would result in the increase of the J SC values.
The third is as follows: by adding SbI 3 with NH 4 Cl to the CH 3 NH 3 PbI 3 , the homogeneous surface and interfacial structures formed, which improved the photovoltaic properties, especially the FF values. In addition, the doping effects of Sb and Cl at the Pb and I sites, respectively, would also contribute the improvement of the J SC values. Further studies are needed for precise structure determination of the perovskite structure.
Although the device performance may not be perfectly optimized, the reproducibility of efficiency increases by elemental doping, such as with Cl or Sb, were confirmed in the present and previously reported works [7, 20, 22, 25] . Therefore, it is believed that the addition of dopants, such as Cl or Sb, to the perovskite phase would be effective for the development of device performance. The effect of the Cl-doping without Sb-doping was not investigated in the present work, and further studies are needed.
An energy level diagram of TiO 2 /CH 3 NH 3 Pb(Sb)I 3 (Cl) photovoltaic cells is summarized as shown in Figure 10 . The electronic charge generation is caused by light irradiation from the FTO substrate side. The TiO 2 layer receives the electrons from the CH 3 NH 3 Pb(Sb)I 3 (Cl) crystal, and the electrons are transported to the FTO. The holes are transported to an Au electrode through spiro-OMeTAD. In the present work, the samples were prepared in air, which may result in the reduction of the stability. Perovskite crystals with higher quality should be prepared in further works. Three assumed mechanisms could be considered for the increase of the photoconversion efficiencies. The first mechanism is as follows: I − ions would be attracted at the I sites by Sb 3+ with more ionic valence compared with that of Pb 2+ , which resulted in the suppression of PbI2 elimination from CH3NH3PbI3. The suppression of PbI2 would improve the TiO2/CH3NH3PbI3 interfacial structure, which also would improve the VOC values. As the amount of the Sb addition increase, the lattice constants would be decreased by an effect of Sb with a smaller ionic size compared with Pb.
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The third is as follows: by adding SbI3 with NH4Cl to the CH3NH3PbI3, the homogeneous surface and interfacial structures formed, which improved the photovoltaic properties, especially the FF values. In addition, the doping effects of Sb and Cl at the Pb and I sites, respectively, would also contribute the improvement of the JSC values. Further studies are needed for precise structure determination of the perovskite structure.
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Conclusions
Effects of SbI3, PbCl2, and NH4Cl addition to perovskite CH3NH3PbI3 precursor solutions on photovoltaic properties were investigated. TiO2/CH3NH3Pb(Sb)I3(Cl)-based photovoltaic devices were fabricated, and the microstructures of the devices were investigated by XRD, OM, and SEM-EDS. J-V characteristics and IPCE were improved by a small amount of Sb-and Cl-doping. The structural analysis also indicated the formation of a homogeneous microstructure by SbI3 addition with NH4Cl, which improved the FF values and photoconversion efficiencies. 
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